Purpose Renal osteodystrophy (ROD) may cause severe lower limb deformities in children. The purpose of this study is to evaluate the efficacy of the temporary hemiepiphysiodesis for the correction of lower limb deformities in children with ROD.
Introduction
Congenital and acquired chronic kidney diseases may lead to a disorder regulation of mineral metabolism with subsequent alteration of bone remodelling and growth. The term renal osteodystrophy (ROD) refers to a large spectrum of abnormalities of skeletal homeostasis related to chronic renal failure. These include: growth disturbances, angular deformities, avascular necrosis, slipped epiphysis, scoliosis, osteochondritis dissecans and brown tumours. [1] [2] [3] [4] [5] [6] Current treatment paradigms advocate the use of 1,25(OH)2 vitamin D and its derivatives to control the secondary hyperparathyroidism. Nevertheless, these agents are not enough to correct defective skeletal mineralisation; hence, these patients may develop limb deformities that require surgical correction. Despite medical treatment and functioning renal graft, this pathology persists and affects bone metabolism, particularly during the growing age. [7] [8] [9] [10] Bar-On et al has found that 7/146 children (4.8%) with end-stage renal failure were referred to an orthopaedic unit due to deformity of the lower limb. 1 This deformity may occur either in the femur, tibia or in both, and it is more frequent in valgus; however, varus deformities may also occasionally occur. [11] [12] [13] Valgus deformities exceeding an angle of 10° may be the cause of anterior knee pain, circumduction gait and, occasionally, patellofemoral instability. Varus deformities may result in lateral thrust, ligamentous laxity and a waddling gait. 14 Most of the studies regarding the corrective osteotomies performed at the end of growth in order to avoid relapse are generally directed to the severe deformities. 15 There have been many studies looking at patients treated with guided growth technique by temporary hemiepiphysiodesis for the correction of ROD deformities in childhood. 14, [16] [17] [18] Nevertheless, these studies combine the results of corrections between idiopathic and pathological physis cases and, moreover, they involve a different method of correction. The main feature of this technique consists of a temporary and reversible interruption of skeletal growth on the side of the physis and allows growth on the opposed side.
This technique allows a progressive correction of the angular deformity and is also minimally invasive. In fact, only a shallow surgical incision of few centimetres is required, which allows the patient to be immediately mobilised and the surgery is minimal compared with an osteotomy. 14 The aim of this study is to evaluate the efficacy of a guided growth technique by hemiepiphysiodesis in skeletally immature patients with ROD for the treatment of angular deformities of the lower limbs.
Patients and Methods
We have retrospectively evaluated all skeletally immature patients with ROD and treated them for lower limb deformities in our institution between 2006 and 2012. Only those patients with a valgus or varus deformity of the lower limbs above 2 standard deviations (sd) were considered eligible for surgery. The following data were collected for each patient: age at first surgery; gender; renal disease; and anatomical site of the hemiepiphysiodesis. For each surgical procedure, the speed of correction was calculated by taking the ratio between the angular deformity correction and time, in months, needed for correction. Coefficient of correction was calculated as the ratio between the time required for correction in patients with ROD and the time predicted by The Multiplier (Version 5.1, copyright 2015, Rubin Institute for Advanced Orthopedics, Sinai Hospital of Baltimore). 19 All the patients' parents were informed and gave oral and written consent for this specific treatment. All the procedures complied with the ethical standards of the responsible committee and with the Declaration of Helsinki 1975, as revised in 2000. The hemiepiphysiodesis was performed using the titanium Eight-Plate (Orthofix Srl, Verona, Italy) and amagnetic steel Pediplate (OrthoPediatrics, Warsaw, Indiana, USA). All surgeries were performed with local and regional anaesthesia and sedation. The post-operative protocol included 24 hours of antibiotic therapy with cefazolin with different dosages based on both the patients' weight and renal function. Weight-bearing was allowed the day after surgery with the aid of crutches.
Results
Of the 120 children affected by chronic or congenital renal diseases treated at the Pediatric Nephrology Service in our Hospital between 2006 and 2012, a total of seven patients (5.8%), five males and two females, underwent surgical correction of their lower limb deformities by guided growth technique. As per our institutional criteria, the other 113 patients did not require surgical correction as the deformity of their lower limbs was below 2 sd. The average age at first surgery was 7.8 years (2.9 to 13.6). Only four patients had congenital renal disease and three patients had an acquired renal disease. One patient was on haemodialysis whereas four patients had functioning kidney grafts and two patients had normalisation of renal function after several years of disease ( Table 1 ). The average follow-up was 5.2 years (2.3 to 8). A valgus knee was present in 13 limbs and one presented with varus deformity. The pre-operative coronal deformity, which is measured as the difference between the femoral and tibial mechanical axis, was in the range of 10° to 47°. Overall, 23 eight-plates were implanted ( Table 2 ). The restoration of the normal mechanical axis was achieved in all patients (with the residual deformities less than 5°) and there were no clinical rotation deformities of the lower limbs. One patient, affected by a very severe valgus of the left knee due to delayed observation, had an additional osteotomy of the tibia along with a guided growth in order to achieve an immediate and partial correction of this serious deformity (Figs 1 to 3 ). This osteotomy healed in six weeks without complications. Implant and removal of the plates were the two standard procedures applied to four patients for this type of surgery. One patient required several surgical procedures in order to correct relapse and a windswept deformity. At his final follow-up, this patient presented concomitant osteonecrosis of the distal femoral epiphysis that was due to the massive steroid treatment required by his renal transplantation. The average time required to obtain the angular correction was 20 months (7 to 30). The speed correction was evaluated in six patients. However, a patient with windswept deformity was excluded because of the complexity of the simultaneous surgical procedures. The mean speed correction of the tibia was 0.49° per month (0.33° to 0.66°) and the average speed correction of the femur was 1.73° per month (1.02° to 2°). The mean of the coefficient for the femur was 0.98 (0.73 to 1.22) and the mean for the tibia was 1.64 (0.87 to 3). If we exclude the patient with the coefficient for the tibia that previously underwent tibial osteotomy, the coefficient is 1.19 (0.87 to 1.83). There were only two minor complications in the post-operative period: a screw mobilisation after four months that required its replacement and a screw rupture at removal with a mild haematoma that resolved spontaneously without affecting the clinical outcome. A patient with ROD also affected by a bilateral slipped capital femoral epiphysis was treated by screw fixation.
Discussion
The surgical treatment of lower limb deformities secondary to ROD is a challenge. The traditional corrective osteotomies present some risks and limitations. 1 In fact, children with reduced immunocompetence caused by either the uremic state or by steroid, and immunosuppressive therapy are at higher risk of wound and bone infections. 2 Moreover, a poor bone stock, due to osteomalacia and osteoporosis, may predispose to nonunion, stress fractures and failure of internal fixation. Osteosynthesis by crossed Steinmann pins, plates and external fixators is reported in the literature. 11, [17] [18] [19] [20] [21] Each of these solutions has its own advantages and limitations; however, all of them require an open osteotomy followed by a consolidation period during which weight-bearing is not allowed. The patients' age and their metabolic state may affect the surgical decision. The site of the osteotomy needs accurate pre-operative planning to choose the best site and the best surgical technique. 1, 7 In our study, all patients presenting relevant osteodystrophic lower limb deformities achieved a good correction as a consequence of using the 'guided growth' technique. This method has many advantages in comparison with the classical corrective osteotomy; in fact, it is a minimally invasive procedure and the risk of post-operative infection is minimal, the hemiepiphysiodesis may be performed at multiple levels and can be repeated without problem every time the deformity relapses. The precarious metabolic status of the patient does not contra-indicate the surgical procedure as there is no risk of delayed consolidation nor pseudoarthrosis. Although predisposition to infections of patients with renal failure is well-known, no infections or signs of inflammation were observed during the follow-up of our patients. The time needed to obtain the correction of the angular deformity was in the range of 7 to 30 months and this depends on the site, femoral, tibial or both, and on the amount the deformity. The correction is progressive and its speed, according to the different growth rate of each bone, is more rapid in the femur (1.73° per month) than in the tibia (0.49° per month). The time needed for the correction of femoral deformities was very close to the one predicted by the Multiplier Application as the coefficient of femoral correction which was 0.98 (0.73 to 1.22) ( correction time observed / correction time estimated by Multiplier Application). On the other hand, the time required for the correction of the tibial deformity was much longer, as the coefficient of tibial correction was 1.68, and this fact was particularly evident with patients who underwent concomitant tibial osteotomy. In our opinion, the slowest correction of this last severe tibial deformity might be interpreted as expression of focal depression of the metabolism of the physis on its lateral side (overloaded by the severe and prolonged valgus deformity). If we exclude the patient with the coefficient for the tibia that previously underwent tibial osteotomy, the coefficient is 1.19 (0.87 to 1.83). In general, the speed of angular correction of lower limb deformities in ROD children does not seem easy to predict due to the lack of reliable data needed to assess and estimate the impact of renal disease on bone growth and metabolism. Nevertheless, our preliminary results suggest that the correction time predicted by the Multiplier for the femur substantially corresponds to the time observed in our patients. With regard to the tibial speed of correction, we are unable to give reliable and useful information to predict the time required to obtain correction due to the relative low number of surgeries performed on this site.
It is commonly known that renal disease tends to persist chronically and to affect the physis during the whole growing period. Thus, it leads to some risk of deformity relapse. In our study, four out of seven patients relapsed and their deformity progress went in the opposite direction. A similar tendency in relapsing is reported in patients treated with guided growth technique for deformities of the lower limbs present in other dismetabolic conditions that affect the physis, as in mucopolysaccharidosis and X-linked hypophosphatemic rickets. 18, 21 For the most successful anatomical and biomechanical outcome, the guided growth technique should be performed early. In fact, while in early manifestations the centre of the angular deformity is located on the metaphysealdiaphyseal part of the femur or tibia, very close to the physis, in later presentations the centre of deformity is located closer to the centre of the diaphysis. A hemiepiphysiodesis performed at that time may guarantee the restoration of the mechanical axis of the lower limb but not the restoration of the anatomical shape of the single bone. Moreover, very severe angular deformities may suggest the opportunity to associate an osteotomy in order to shorten the time of correction, as it seemed opportune in one of our patients. A criticism concerning the use of hemiepiphysiodesis in the correction of ROD deformities is that guided growth gives a mono planar correction (on the frontal plane) while these deformities are multiplanar. However, rotational deformities were never clinically relevant in our patients. In the same way, the typical osteodystrophic procurvation of the distal femur was never severe enough to justify a corrective osteotomy. The data from this study should encourage paediatricians to refer these patients to the attention of paediatric orthopaedic surgeons early in order to avoid serious progressive and disabling deformities.
The limitations of this study are the relatively small amount of cases, and this is due to the rarity of these deformities (5.8% of children with congenital or chronic renal diseases), and a short-medium follow-up period. Due to the retrospective nature of this study, it was not possible to correlate renal function and efficacy of guided growth and to identify specific metabolic factors or parameters at risk for recurrence.
In conclusion, the guided growth technique by hemiepiphysiodesis was found to be safe and effective for correction of malalignment due to ROD. This method is able to correct deformities during a child's growth in multiple segments of the lower limb in order to achieve the optimal restoration of the mechanical axis. Short follow-up is required, particularly during correction of the femoral axis. As children with ROD may develop progressive deformities up to the end of their growth, and these deformities are prone to relapse, the patients must be monitored until adulthood. However, hemiepiphysiodesis may be repeated without complications in relapsing cases.
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